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L OVERALL PROJECT OBJECTIVES

To investigate the molecular mechanisms and basis for structural stability of n~mbran.
proteins in Archaebacteria. An additional objective is to study the utilization of these
membranes in the production of new materials which are fabricated on the nanometer
scale.

EL SUMMARY OF ACCOMPLISHMENTS OF PROJECT:

Our research accomplishments are summarized below in three major areas:

1. Structure-Function Studies on Archaebacteria membrane proteins: Our studies in
collaboration with the Khorana laboratory at M1T on the biophysical properties of site-
directed mutants of bacteriorbodopsin have led to an increasingly detailed model of the
structure and proton transport mechanism of this membrane protein (1-6,7-12,14-20,23-
25; Technical Reports #1-3). Additional progress has been made in studying two other
related halobacterial membranes proteins, halorhodopsin (17), which functions as a
chloride pump, and sensory rhodopsin 1 (24), which serves as a photoreceptor for
phototaxis in bacteria. In general, this work constitutes one of the most detailed
investigations of the functional mechanism of membrane proteins to date, and provides
critical information for future attempts at using these bionolecular materials.

Technical Reports 1-3 and the above mentioned publications detail the application of
FHR, resonance Raman and UV/Vis spectroscopy and information gained about the bR
proton pump mechanism and the role of the key amino acid residues. An important
aspect of this work has been the identification of an active site in light adapted bR that
includes an electrostatically neutral arrangement of the protonated Schiff base, AsP-85,
Asp-212 and Arg-82 in agreement with an electron diffraction derived model
(3,9,20,27). The disruption of this active site upon formation of the M intermediate due
to protonation of Asp-85 from the Schiff base is believed to cause ejection of a proton
into the outer medium due to the electrostatic unshielding of the positively charged residue
Arg-82. FTIR difference spectra of the late photocycle of bR have also been obtained
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during the project period (15,20,25) which shows that Asp-96 deprotonates while
during N decay Asp-96 reprotonates. Evidence was also found for a proton wire which is
active in movement of a proton during the M to N transition of the photocycle from Asp-
96 to the Schiff base (20).

2. Development of new biophysical techniques to study Archaebacteria membrane
proteins: An important aspect of the supported research has been the development of
new techniques which can be used to study the structure and function of membrane
proteins at the level of individual amino acids. Most important in this area is the
introduction of time-resolved FrIR to study conformational changes that occur in
response to a stimulus (i.e. a flash of light). In publications (14,15 and 25), we describe
the use of stroboscopic FnIR to measure changes in the photocycle of bacteriorhodopsin.
A combination of polarized FrIR and hydrogen/deuterium exchange has also been
utilized for the first time to study the structure of membrane proteins (10). This work
should provide a basis for future studies of Archaebacteria protein structure and stability.
In a related work (21-22), it was demonstrated how ATR can be used to investigate the
conformational changes of a membrane protein (acetylcholine receptor) to a chemical
stimulus (acethylcholine) when the stimulus is introduced into a flowing solution.

3. Biomolecular Material Development: Structure-function studies on mutants of
bacteriorhodopsin (see 1.) has provided information which can be used to alter this
molecules properties for the development of optodectronic materials. Mutants have
been identified which have blocks at specific steps in the photocycle (19, 20 and 25) can
be useful in holographic recording media and optical memories. Increasing knowledge of
how retinal isomerizaton couples to proton movement should lead to further
improvements in this area. Progress has also been made in using two-dimensionally
crystalline membrane protein arrays as templates for nanometer pattering. Scanning
tunneling microscopy (STM) measurments have been made on the S-layer frm the
Suffolobus Acidocaldarius in collaboration with the N. Clark and K. Douglas at the
University of Colorado (7,13). These studies have led to information about the
ultsu r of S-layer and thin metal films patterned on the nanometer level with these
membranes.
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NIL PUBULCATIONS AND REPORTS:

Patents:

1. U.S. Patent # 4,802,951. Clark, N.A., Douglas, K., and Rothschild, KJ.
"**Method for Parallel Fabrication of Nanometer Scale Multi-Device Structures"

1. K.J. Rothschild, M.S. Braiman, 0. Bousche, Y-W. He, and WJ. De Grip "-FIR
spectroscopy: the detection of individual chemical groups in complex biumolecules" Proc.
SPIE 1057, 44-48 (1989).

2. KJ. Rothschild, D. Gray, T. MogL, T. Marti, M S. Braiman, LJ. Stern, and IL G.
Khorana Vibrational Spectroscopy of Bacteriorhodopsin Mutants. Chromophore
Jsomerization Perturbs Tryptophan-86", Biochemistry 29,7052-7059 (1989).

3. KJ. Rothschild, M. S. Braiman, T. Mogi, LJ. Stern, and H.G. Khorana "Conserved
Amino Acids in Helix F of Bacteriorhodopsin Form Part of A Retinal Binding Pocket"
FEBS Lett. 250,448-452 (1989).

4. KJ. Rothschild, Y-W. He, D. Gray, P. D. Roepe, S.L. Pelletier, R. S. Brown, and
L. Herzfeld "'FIIR Evidence for Proline Structural Changes during the Bacteriorhodopsin
Photocycle" Proc. Nati. Acad. Sci. USA 86,9832-9835 (1989).

5. P. L AhK, LJ. Stern, T. Mogi, H.G. Khorana, and K.J. Rothschild "-Substitution of
Amino Acids in Helix F of Bacteriorhodopsin: Effects on the Photochemical Cycle",
Biochemistry 28, 1028-1034 (1989)

6. LJ. Stern, P. L. Ahl, T. Marti, T. Mogi, M. Dunach, S. Berkowitz and Li.
Rothschild "Substitution of Membrane-embedded aspartic acids in Bacteriorhodopsin
Causes Specific Changes in Different Steps of the Photochemical Cycle" Biochemistry 28,
1035-1042 (1989).

7. Douglas, K., Clark, NA. and Rothschild, K.J. "Scanning Tunneling Microscopy of
Parallel Fabricated Nanostructures" Bull. Am. Phys. Soc. 35, 350 (1990).

8. M. Dunach, S. Berkowitz, T. Marti, Y. W. He, S. Subramaniam, H.G. Khorana and
K. J. Rothschild "UV-Visible Transient Spectroscopy of Bacteriorhodopsin Mutants:
Evidence for two forms of Y185F." J. Bio6. Chem. 265, 16978-16984 (1990).

9. K. J. Rothschild, M. S. Braiman, Y-W. He, T. Marti and H. G. Khorana "Vibrational
Spectroscopy of Bacteriorhodopsin Mutants: Evidence for the Interaction of Aspartic
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Acid 212 with Tyrosine 185 and Possible Role in The Proton Pump Mechanism" J. Biol.
Chem. 265, 16985-16991 (1990)

10. T. N. Earnest, J. Herzfeid, and K.J. Rothschild "'Polarized FTIR of
Bac orhodopsin: Transmembrane alpha-Hefices Are Resistant to Hydrogen/Deutenium
Exchange" Biophys. J. 58, 1539-1546 (1990)

11. M. Dunach, T. Marti, H. 0. Khorana and K. J. Rothschild, "'Bacteriorhodopsin
Mutants of Arg-82, Asp-85, Tyr-185 and Asp- 212 Do Not Undergo Normal Light-Dark
Adaptation" Proc. Natl. Acad. Sci. USA 87, 9873-9877 (1990).

12. S. Subramaniam, T. Marti, S. J. Rosselet, KJ. Rothschild and H. G. Khorana. The
Reaction of Hydroxylamine with Bacteriorhodopsin Studied with Mutants that Have
Altered Photocycles: Selective Reactivity of Different Photointermediates Proc. Nat!.
Acad. Sci. USA 88,2583-2587 (1991).

13. K. Douglas, N. A. Clait, KJ. Rothschild "'Biomolecular/solid-state
nanoheterostructures" Appl. Phys. Len. 56, 692-694 (1990)

14. M. S. Braiman and Bousche, 0. and Rothschild, K. I "Submillisecond Time Resolved
FTIR spectroscopy of Bacteriorhodopsin" Proc. Natl. Acad. Sci. USA 88., 2388-2393
(1991).

15. 0. Bousche, 0., M. S. Braiman, T. Marti, L G. Khorana, and KJ Rothschild
"FTIR Evidence That Asp-96 Deprotonates During the M to N Transition of
Bacteriorhodopsin" J.Biol. Chem.266, 11063-11067 (1991).

16. P. Rath, 0. Bousche, A. R. Merill, W. A. Cramer and K. J. Rothschild "Fourier
transform infrared evidence for a predominantly alpha-helical structure of the memnbrane
bound channel fming COOH-mn peptide of colicin El" Biophys. J. 59, 516-522
(1991)

17. Bousche', 0. and Spudich, E. N. and Spudich, J. L and Rothschild, KJ.
"Conformadonal OMangs in Sensory Rbodopsin E Similarities and Differences with
Bactmeiorbodopsin, Halorhodopsin and Rhodopsin.", Biochembty 30, 5395-5400, (1991)

18. Swaerjo, M. Rothschild, K. L. Nappi, B., Lane, A. and Gold, H. "infrared Fiber
Optic Sensors: New Applications in Biology and Medicine", SPIE, 1437 60-65 (1991)

19. Subramaniam, S. and Greenhalgh, D. A. and Rath, P. and Rothschild, ILi and
Khorana, It0., "Replacement of leucine-93 by alanine or threonine slows down the decay
of the N and 0 intmediates in the photocycle of bacteriorhodopsin: Implications for
proton uptake and 13- cis-retinal to all-mrans-retinal reisomerization", Proc. Natl. Acad.
Sd. USA 88,6873-6877, (1991))
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20. LI. RothschiKl, Y.W. He, S. Sonar, T. Marti and H. G. Khorana "Vibrational
Specatoscopy of Bacteriorhodopsin Mutants: Evidence that Thr-46 and Tbr-89 Form Part
of A Tmasient Network of Hydrogen Bonds J. Biol. Chem. 267, 1615-1622 (1992)

21. Baezig, J. E. and Miller, K. W. and Rothschild, K. J. "Incorporation of the
nicotoini acetylcholine receptor into planar films: characterization by
fluorescence and Fourier transform infrared difference spectroscopy" Biophys. J. 61,983-
992 (1992)

22. Baenziger, JE., Miller, KL W. , McCarthy, M. P. and Rothschild, K.J. "Probing
conformational changes in the nicotinic acetylcholine receptor by Fourier transform
infrared difference spectroscopy" Biophys. J. 62, 64-66 (1992)

23. He, Y.W. and Krebs, M. and Khorana, HLG. and Rothschild, LJ, "FTR
spectroscopy, site-directed mutagenesis and isotope labelling: A new approach for
studying mnmbrane proteins", SPIE 1575, 109-116 (1991)

24. Rothschild, K. J "FTIR Difference Spectroscopy of Bacteriorhodopsin: Towards a
Molecular Model", J. Bioenerg. Biomemb. 24, 147-167 (1992)

25. Bousche', 0. and Sonar, S. and Krebs, M.P. and Khorana, H. G. and
Rothschild, K. L. Time-Resolved FTIR Spectroscopy of the Bacteriorhodopsin Mutant
Tyr-185 to Phe: Asp-96 Reprotonates during 0 Formation; Asp-85 and Asp-212
Deprotonate During 0 Decay ", Photochem. Photobiol. (In press) (1992)

Abshats:

1. K.. Rothscbid, D. Gray, T. Mogi, Th. Marti, M.S. Braiman, LL. Stern, and ILG.
Khorana -'Evidence for the Inteaction of Tryptophan-86 with the Retinylidene
Chromophore" Biophys. J. 55, 384a (1989)

2. M.S. Braiman, T. Mogi, Th. Marti, L.J. Stern, H.G. Khoran Biophys. J. 55, 384a
(1989).

3. K. Douglas, N.A. Clark and KJ. Rothschild "'Biomolecular/solid state
Nanoheterostructuras" Bull. Am. Phys. Soc. 34,633 (1989).

4. J. F. Hunt and Bonsche', 0. and Meyners, KL M. and Rothschild, L L. and Engelman,
D. M., "Biophysical Studies of the Integral Membrane Protein Folding Pathway", Biophys.
J. 59,400a (1991).



5. Bousche, E.N. Spudich, J.L. Spudich, and KJ. Rothschild "Conformational Changes In
Sensory Rhodopsin I Similarities And Differences With Bacteriorhodopsin,
Haloodopsi and Rhodopsin" Biophys. J. 59(2); pp. 324a, (1991)

6. W. He, J. Herzfeld, R.S. Brown and KJ. Rothschild "Further Evidence For Structural
Activity Near Tyr-185/Pro-186 In Helix F Of Bacteriorhodopsin"
Biophys. J. 59(2), pp. 326a, (1991)

7. J.F. Hunt, 0. Bousche, KiM. Meyers, K.J. Rothschild, and D.M. Engelman
"Biophysical Studies Of The Integral Membrane Protein Folding Pathway."
Biophys J.; 59(2), 400a, (1991)

8. J.E. Baenziger, KW. Miller, and KJ. Rothschild "Attenuated Total Reflectance FTIR
Studies Of The Confornational Changes Associated With Desensitization Of The
Nicotinic Acetylcholine Receptor" Biophys. J., 59(2), pp. 446a, (1991)

9. S. Subramanian, D.A. Greenhalgh, KJ. Rothschild, and ILG. Khorana "Site-Specific
Mutagene; Of Hydrophobic Residues In The Cytoplasmic Side Of The Proton Transport
Pathway In Bacteriorhodopsin" Biophys. J., vol 59(2), pp.554a, (1991)

10. T.T. Tibbitts, IL Stoops, A.E. Blaurock, KJ. Rothschild and L Makowski "Angular
Convolution Analysis Of X-Ray Patterns From Bacteriorhodopsin" Biophys. J., 61(2), pp.
A12, (1992)

11. J.E. Baenziger, KW. Miller, and KLJ. Rothschild "Confonitional Changes
Associated With The Desensitization Of The Nicotinic Acetylcholine Receptor Probed At
The Amino Acid Residue Level" Biophys. J., 61(2), pp. A260, (1992)

12. J.F. Hunt, 0. Bousche, KJ. Rothschild, and Donald M. Engelman "Spontaneous
Insertion Of A Transme rane Alpha-Helix" Biophys. J., 61(2), pp. A290, (1992)

13. D.M. Engelman, B.D. Adair, B.J. Bormann, A. Brunger, J.M. Flanagan, J.F. Hunt,
T.W. Kahn, M. Lemmon, LJ. Rothschild and H. Treutlein "Helix-Helix Interactions In
Membrane Protein Ooigoe tn" Biophys. J., 61(2), pp. A403, (1992)

14. S.M. Sonar, 0. Bousche, Y.W. He, P. Rath, M. Krebs, H.G. Khorana
and KJ. Rothschild "The Photocycle Of The Bacteriorhodopsin Mutant Tyr-185-Phe
Is Blocked At The 0 Intermediate" Biophys. J. 61(2), pp. A531, (1992)

15. P. Rath, T. Mari, H.G. Khorana and KJ. Rothschild "Resonance Raman
Spectroccopy Of The Bacteriorhodopsin Mutants: Evidence That Asp-85 Is A
Retinylidew Schiff Base Counterion" Biophys. J., 61(2), pp. A533, (1992)

16. Y.W. He, M.P. Krebs, J. Herzfeld, H.G. Khorana, and IL. Rothschild
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"7TJR Study Of The Ionization State Of Tyr-185 In Light-Adapted Bacteriorhodopsin"
Biophys. J., 61(2), pp. A533, (1992)

Techical Reports:

1. Annual Progress Report #1-July 1, 1988-June 31, 1989

2. Annual Progress Report #2-July 1, 1989-June 31, 1990

3. Annual Progress Report #3-July 1, 1990-Dec. 31, 1991
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